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Summary
Background: Midzones, also called central spindles, are an
array of antiparallel microtubules that form during cytokinesis
between the separated chromosomes. Midzones can be
considered to be platforms that recruit specific proteins and
orchestrate cytokinetic events, such as sister nuclei being
kept apart, furrow ingression, and abscission. Despite this
important role, many aspects of midzone biology remain un-
known, including the dynamic organization of midzone micro-
tubules. Investigating midzone microtubule dynamics has
been difficult in part because their plus ends are interdigitated
and buried in a dense matrix, making them difficult to observe.
Result: We employed monopolar cytokinesis to reveal that
midzone plus ends appear to be nondynamic. We identified
the chromokinesin KIF4 as a negative regulator of midzone
plus-end dynamics whose activity controls midzone length
but not stability. KIF4 is required to terminate midzone elonga-
tion in late anaphase. In the absence of KIF4, midzones elon-
gate abnormally, and their overlap regions are unfocused.
Electron-dense material and midbodies are both absent from
the elongated midzones, and actin filaments from the furrow
cortex are not disassembled after ingression.
Conclusion: KIF4-mediated midzone length regulation
appears to occur by terminating midzone elongation at
a specific time during cytokinesis, making midzones and
mitotic spindles differ in their dynamics and length-regulating
mechanisms.Introduction
Midzones, also called central spindles, are a set of microtu-
bules specifically formed between segregated chromosomes
after cytokinesis onset [1]. Serving as a platform to orchestrate
crucial cytokinetic events, such as keeping segregated sister
chromatids away from the equator by appropriate distance
and signaling the cortex to correctly position a cleavage furrow
on the division plane, midzones have thus drawn significant
interest for their regulations to those cytokinetic events
[2, 3]. However, the dynamic behavior of midzone microtu-
bules per se and how their length is regulated are poorly
understood. Midzones are antiparallel arrays with plus ends
oriented toward the center [4], like the metaphase spindles
they follow during cell division. It has thus been natural to
assume that these two are spatially organized and length regu-
lated according to similar principles [5–8]. In this study, we
investigated midzone dynamics and length regulation and*Correspondence: chikuohu@post.harvard.edufound that they are in fact very different from those of mitotic
spindles.
In normal midzones, the overlapping, antiparallel plus ends
are buried in a dense matrix that excludes antibodies against
tubulin and stains darkly by thin section electron microcopy
(EM) [9, 10], making it difficult to observe their dynamics. Mo-
nopolar cytokinesis, in contrast, is a good complementary
system for studying midzone microtubule plus ends, because
plus ends of monopolar midzones are exposed in the cyto-
plasm [11]. Monopolar midzones resemble normal bipolar
midzones in protein composition, competency to initiate
furrows, and presence of electron-dense material coating
microtubules near plus ends [10]. HeLa cells are arrested in
monopolar mitosis with the Kinesin-5 inhibitor S-trityl-L-
cysteine (STLC) [12] and are forced into cytokinesis with the
Cdk1 inhibitor RO-3306 [13] in a synchronized fashion. After
an early Aurora B-dependent polarization step that breaks
symmetry, midzone microtubules assemble and polarize
toward a region of the plasma membrane that recruits furrow
proteins. Midzone plus ends first terminate in or near the
cortex, but as the cortex recruits furrow proteins, changes
shape, and protrudes, the plus ends of midzone bundles are
left isolated in the cytoplasm several microns from the cortex
(Figure 1) [11]. In this study, we used monopolar cytokinesis
as a tool to identify proteins that are involved in midzone
dynamics and length regulations, and we then returned to
normal bipolar cytokinesis, probing their functions in normal
cell division.
Results
KIF4 Negatively Regulates Microtubule Plus-End
Dynamics in Monopolar Cytokinesis
We overcame the obstacle of observing midzone plus-end
dynamics by employing monopolar cytokinesis, in which the
plus ends of monopolar midzones are exposed in the cyto-
plasm [11]. To identify proteins that regulate monopolar
midzone length, we depleted a list of cytokinetic proteins that
are either midzone associated or cytokinesis regulators (Fig-
ure 1B). Depletion of PRC1,MKLP1, RacGAP1, or Ect2 blocked
the early polarization step; neither midzones nor furrows
formed. Depletion of other proteins, including CLASPs, which
regulatemidzonedynamics in yeast [14], hadnoobviouseffect.
Uniquely, depletion of the chromokinesin KIF4 allowed polari-
zation and midzone assembly, but midzones no longer termi-
nated coherently in the cytoplasm. As shown in the time-lapse
movies of monopolar HeLa cells expressing GFP-b-tubulin
(Figure 1C; see also Movie S1 and Movie S2 available online)
and GFP-EB3, a marker for growing microtubule plus ends
(Figure S1, Movie S3, and Movie S4), midzones in control cells
terminated in cytoplasm with plus ends that appeared to be
nondynamic. However, KIF4-depleted midzone plus ends
continued to grow and entered the protruding furrow region.
A furrow could still be assembled, but it was typically less
robust. These data confirm that PRC1, MKLP1, RacGAP1,
and Ect2 are essential for midzone assembly and the early
polarization step. KIF4, in contrast, is required later, to inhibit
midzone plus-end dynamics. KIF4 was previously shown to
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Figure 1. KIF4 Negatively Regulates Midzone Plus-End Dynamics during Monopolar Cytokinesis
(A) Representative images of different stages in monopolar cytokinesis: polarization, cortex elongation/midzone termination, and furrow ingression. Cells
were fixed and stained with antibodies as labeled.
(B) Summary of monopolar cytokinesis phenotypes after depleting cytokinesis proteins. Depletions of PRC1, MKLP1, RacGAP1, and Ect2 blocked the initial
polarization. KIF4-depleted midzones polarized but were not terminated during monopolar cytokinesis.
(C) KIF4 was required to terminate midzone plus-end dynamics in monopolar cytokinesis. HeLa cells stably expressing GFP-b-tubulin were imaged using
spinning disk confocal microscopy (Movie S1 and Movie S2). Imaging started at time zero. Monopolar midzone plus ends were not polymerizing during
furrow ingression in control (red arrow) but were growing toward the furrow region in KIF4-depleted cells (green arrow).
(D) KIF4 was required to properly localize proteins on monopolar midzones. KIF4-depleted monopolar midzone polymerized into the furrow-like cortex
region, which was marked with a dotted yellow line according to anillin localization on the cortex. Furrow regions were boxed and magnified on the right.
PRC1, MKLP1, and Aurora B localized differently in the absence of KIF4 during monopolar cytokinesis.
Scale bars represent 5 mm. See also Figure S1.
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816blockplus-enddynamics in vitro as apure protein [15, 16]. Here
we hypothesized that KIF4 acts directly to block polymeriza-
tion dynamics at midzone plus ends in vivo. Given that yeast
does not have Kinesin-4 motors, this also suggests that the
regulation of midzone dynamics in animal cells is different to
what has been found in yeast [14, 17].
We examined midzone protein localizations using immuno-
fluorescence. As KIF4 relocalized from chromosomes to
midzone plus ends in normal cytokinesis [18], KIF4 was
observed on monopolar midzone plus ends (Figure 1D). KIF4
depletion did not affect furrow specification but did perturb
midzone protein recruitments to plus ends, as evidenced by
normally polarized furrow protein anillin on the cortex and
diffusely localized PRC1 and MKLP1 along microtubules in
the furrow region (Figure 1D, yellow dotted line). Aurora B
was delocalized from microtubules, though it still targeted to
the furrowing cortex (Figure 1D).KIF4 Terminates Midzone Plus-End Elongation in Normal
Cytokinesis
To test whether KIF4 also terminates midzone elongation in
normal bipolar cytokinesis, we used confocal time-lapse
microcopy of HeLa cells stably expressing GFP-b-tubulin (Fig-
ure 2A, Movie S5, and Movie S6). In control cells, midzones
elongated rapidly until furrow ingression initiated and then
held an approximately constant length for the rest of cytoki-
nesis (Figure 2A, red lines). Antiparallel overlapping regions,
visualized by higher GFP intensity at the center of midzones,
were also constant in length and well aligned between indi-
vidual midzone bundles (Figure 2A, red arrows). When KIF4
was depleted, midzones formed with normal kinetics but
continued to elongate throughout cytokinesis (Figure 2A, green
lines). KIF4-depleted midzones were less organized, with anti-
parallel overlapping regions of variable lengths that were
poorly aligned between bundles (Figure 2A, green arrows).
KIF4 Regulates Midzone Length during Cytokinesis
817Midzone length, cell length, and furrow diameter were mea-
sured over time and averaged for 20 controls and ten KIF4-
depleted cells (Figure 2B; Figure S2A). These plots show that
themain difference of KIF4 depletion is thatmidzones elongate
continually instead of stopping at fixed length when furrow
ingression starts. In Figure 2C, we superimposed averaged
plots of controls and siKIF4 to facilitate comparison. The
velocity and extent of cell elongation and furrow ingression
were not changed much in the absence of KIF4. We conclude
that KIF4 terminates plus-end dynamics in midzones and
keeps midzone length constant in normal bipolar cytokinesis,
but it is not required for cell elongation of furrow ingression,
as in its monopolar variant.
KIF4-Mediated Termination of Plus-End Dynamics
Is Not Essential for Midzone Stability
Midzones are more stable than mitotic spindles and astral
microtubules [19], although it is still unclear how and when
they are stabilized during cytokinesis. To test when stabiliza-
tion occurs, we pulsed cells expressing GFP-b-tubulin with
microtubule assembly inhibitor nocodazole. Midzones gradu-
ally became insensitive to nocodazole after furrow initiation
(Figure S2B;Movie S7). Unexpectedly, KIF4-depletedmidzone
microtubules were still resistant to nocodazole after furrow
initiation. Nocodazole rapidly blocked the continued postfur-
row midzone elongation, causing the assembly to freeze at
the length it had achieved at the time of drug addition (Fig-
ure 2D, compare green and yellow arrows; Movie S8). As
a consequence of that midzone elongation stopping, the
distance between chromosomes and polar cortex increased
with time (Figure 2D, compare blue and red lines), because
cell elongation continued in nocodazole. Lengths of four
KIF4-depleted midzones with nocodazole added after furrow
initiation were superimposed with Figure 2C for comparison
(Figure 2E, green lines). Because KIF4-depleted midzones
did not disassemble in the presence of nocodazole, we believe
some other molecule or molecules are responsible for stabi-
lizing midzones. Midzone bundling protein PRC1 might stabi-
lize microtubules toward depolymerization [20]. Indeed, when
we depleted PRC1 and pulsed with nocodazole after furrow
initiation, unbundled microtubules between chromosomes
were depolymerized (data not shown). However, PRC1 deple-
tion delocalizes other midzone proteins as well, including
KIF4, centralspindlin, and CENPE [21, 22]. It is also possible
that any or all of them could be responsible for midzone stabi-
lization. Taken together, these data further confirmed that inhi-
bition of microtubule plus-end growth by KIF4 blocks midzone
growth but also showed that it is not essential for midzone
stabilization.
Blocking Plus-End Growth Is the Main Function of KIF4
in Midzones during Cytokinesis
KIF4 is known to be required for focusing of PRC1 to a tight
midline in the center of the midzone [22, 23]. We confirmed it
and showed similar behavior for other midzone proteins (Fig-
ure S3A). We further noticed that these proteins relocalized
differently on KIF4-depletedmidzones (Figure 3A; Figure S3B).
In the absence of KIF4, Aurora B was absent from microtu-
bules but remained on the furrow cortex, CENPE and PRC1
were broadly diffuse on midzones (albeit the latter was slightly
enriched in center overlaps), and Plk1 andMKLP1 localized on
midzones but were less diffuse than CENPE. Our results
showed that this diffuse localization was not PRC1 specific.
All tested midzone proteins were more or less diffuse onKIF4-depleted midzones. Thus, KIF4 is required for the
focusing of midzone proteins, even though only PRC1 and
Aurora B among them are known KIF4-interacting proteins
[22–24].
KIF4 could function in midzone assembly as a plus-end
polymerization blocker, a transport motor, or both. It has
a typical kinesin family organization with an N-terminal motor
domain, a central coiled-coil stalk, and a C-terminal cargo-
binding tail domain [25]. KIF4 motor domain alone is sufficient
to block microtubule plus-end dynamics in vitro [15], whereas
it requires both its stalk and tail domains to associate with
PRC1 [23]. To characterize whether PRC1 diffuse localization
is a consequence of dynamic and therefore mislocalized
midzone plus ends or the absence of direct KIF4 interaction,
endogenous KIF4 was depleted by human KIF4-specific small
interfering RNA (siRNA) and replaced with GFP-fused mouse
KIF4 (mKIF4) in full-length (FL) or truncations, such as missing
cargo-binding domain (tailless) or missing motor domain
(headless) (Figures 3B and 3C). As shown in Figure 3D and Fig-
ure S3C, GFP-mKIF4-FL rescued both midzone termination
and PRC1 focusing to the midline in the absence of endoge-
nous KIF4. Albeit with slightly lower efficiency to localize on
microtubules, GFP-mKIF4-tailless rescued midzone length
regulation. However, PRC1 was also recruited and focused.
Consistent with human KIF4 [23], our results showed that
PRC1 coimmunoprecipitated with GFP-mKIF4-FL, but not
with GFP-mKIF4-tailless, which lacks the C-terminal tail
domain (data not shown). Therefore, KIF4’s ability to focus
PRC1 does not depend on a direct transport function. GFP-
mKIF4-headlesskept its ability to associatewithchromosomes
but was unable to terminatemidzones. PRC1 andGFP-mKIF4-
headless were both diffuse on elongated midzones but were
not colocalized. Because KIF4 lacking its cargo-binding tail
domain is sufficient to rescue midzone length regulation and
PRC1 focusing, we conclude that the most important function
of KIF4 in midzone assembly is to block plus-end growth at
the right time. This promotes normal midzone architecture,
which is sufficient to focus KIF4 and PRC1 at the midline,
even without a direct interaction between them.
KIF4-Mediated Control of Midzone Length
Is Required to Focus the Furrow
We next determined the consequence for furrow morphogen-
esis of elongated midzones with diffusely localized midzone
proteins. Anillin and RhoA localized uniformly to broadened
regions of the cortex in KIF4-depleted cells (Figure 4A; Fig-
ure S4A). Furrow length (along the axis of cell division) was
measured using anillin as a marker. Cell length was used as
a reference for different stages of cytokinesis. In early cytoki-
nesis, furrow lengths were similar between control and
KIF4-depleted cells. As cytokinesis progressed, furrow
regions focused in controls but broadened in KIF4-depleted
cells (Figure 4B; Figure S4B). Furrow initiation and ingression
are redundantly regulated by astral microtubules and mid-
zones during cytokinesis [26]. This may explain why we did
not observe an ingression defect when KIF4 depletion
compromised the length regulation of midzones. However,
our results indicated a novel function of midzones that cannot
be replaced by astral microtubules. Cells require midzones to
focus the cleavage furrow froman initial broad range to a highly
focused region during ingression.
Thin section EM revealed defects in the broad furrow region
in KIF4-depleted cells. After furrow ingression, normal
midzone microtubules (Figures 4Ca and 4Ca0, green arrows)
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Figure 2. KIF4-Mediated Plus-End Termination Regulates Midzone Length in Bipolar Cytokinesis
(A) KIF4 regulated constant midzone lengths during normal bipolar cytokinesis. HeLa cells expressing GFP-b-tubulin were imaged using spinning disk
confocal microscopy (Movie S5 and Movie S6). Time zero was the point at which furrow ingression started. Midzone length was defined as the distance
between segregated chromosomes. Note that midzone lengths were constant in control (red lines) but increasedwith time in KIF4-depleted cell (green lines)
throughout furrow ingression. Antiparallel microtubule overlapping regions were boxed and magnified on the right. The overlaps were constant in length in
controls (red arrows), but not in KIF4-depleted cells (green arrows).
(B and C) Correlations between cortex elongation, midzone elongation, and furrow ingression in normal and KIF4-depleted cells. Twenty controls and ten
KIF4-depleted cells stably expressing GFP-b-tubulin were measured, averaged, plotted, and grouped differently to facilitate the comparisons. Definition of
cell length, midzone length, and furrow diameter are shown. Time zero referred to the point at which chromosome segregation started (anaphase onset).
Error bars in (B) were standard deviations and were omitted in (C) for clarity. Coincident with furrow initiation (dotted brown line), anaphase midzone
elongation was terminated in controls, but not in KIF4-depleted cells. Velocities of midzone elongation in KIF4-depleted cells were similar before and after
furrow ingression (3.83 and 3.47 mm/min). The velocities of cortex elongation and furrow ingression were similar between controls and KIF4-depleted cells.
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819were bundled and coated with electron-dense materials at
central antiparallel overlaps to compose the midbody (Figures
4Ca and 4Ca0, brown arrows). In KIF4-depleted cells, midzone
microtubules were in lower density and were significantly less
bundled (Figures 4Cb and 4Cb0, green arrows). Electron-dense
materials were not strongly accumulated, and midbody
assembly was defective. Normally, cortical actin filaments in
furrows disassemble after furrow ingression. In KIF4-depleted
midzones, we observed long, straight filaments with the
appearance of F-actin (Figures 4Db and 4Db0 and Figure S4C,
red arrows) with interspersed electron-dense materials
(Figure 4D and Figure S4C, white arrows) underneath the
cortex. Similar long linear fibrous structures were observed
in phalloidin staining (Figure S4D), confirming that they are
actin filaments. Thus, KIF4 is required for accurate specifica-
tion of midzone and midbody microtubule architecture and
for disassembly of furrow actin.
Spatiotemporal Control of KIF4
What controls KIF4 activity to determine an appropriate mid-
zone length? Inhibiting Plk1 kinase activity during anaphase
was shown to block midzone elongation [27]. We hypothe-
sized that Plk1 negatively regulates KIF4-mediated midzone
termination. To test this hypothesis, we asked whether
depleting KIF4 could override the block of midzone elongation
caused by Plk1 inhibition. Cells were treatedwith Plk1 inhibitor
BI-2536 for 60min to ensure that cells entered cytokinesis with
drug. In cells that entered cytokinesis before their bipolar spin-
dles collapsed into monopoles, midzones were significantly
shorter than controls, as reported [27]. MKLP1 and KIF4
were both focused at the center of these short midzones,
suggesting that microtubule plus ends were coherently posi-
tioned as in normal midzones but just terminated sooner (Fig-
ure 5A). When KIF4 was depleted, midzone elongation was no
longer blocked by BI-2536. KIF4-depleted midzones in the
presence of BI-2536 became longer than both controls and
midzones in drug alone, and MKLP1 localized diffusely (Fig-
ure 5A). These data suggest that midzone elongation is regu-
lated by a double-negative pathway: Plk1 inhibits KIF4, which
inhibits midzone elongation. However, there is no consensus
Plk1 site identified on KIF4. We suspect that KIF4 might be
indirectly regulated by Plk1 for midzone termination.
In yeast, midzone elongation is driven by the Kinesin-5
homolog Cin8 sliding antiparallel microtubules [28]. Kinesin-5
inhibitor STLC, which does not block cytokinesis entry in cells
that have already assembled bipolar spindles, had no effect on
midzone elongation (Figure 5B), suggesting that Kinesin-5 is
not involved. Centralspindlin, a complex containing MKLP1
(Kinesin-6) and RacGAP1, crosslinks antiparallel microtubules
in cytokinesis [29]. To test whether it drives midzone elonga-
tion, we treated cells with either or both KIF4 and MKLP1
siRNAs. As expected, KIF4 depletion had no effect on cell
length but caused longer midzones, which pushed chromo-
somes to distal ends of the cell (Figure 5C). Depleting(D) KIF4-depleted midzones were resistant to 10 mM nocodazole. HeLa cells e
copy (Movie S8). Midzone length was defined as the distance between segrega
midzone continuously elongated after furrow ingression (yellow arrows), which
stopped the continuous elongation of KIF4-depleted midzones (green arrows)
cortex elongation continued (blue lines).
(E) Nocodazole stopped postfurrow elongation of KIF4-depletedmidzones.Mid
furrow ingression were measured, plotted, and superimposed with the m
KIF4-depleted midzones were constant in length after nocodazole treatment.
Scale bars represent 5 mm. See also Figure S2.MKLP1 blocks cortex elongation in cytokinesis because cen-
tralspindlin is required to recruit Ect2 to activate RhoA on the
cortex [30]. If MKLP1 was codepleted, midzones still elon-
gated, and they buckled when they reached the limit of shorter
cell length. This inhibition of cell elongation physically pre-
vented KIF4-depleted midzones from achieving their maximal
length, but they were still significantly longer than controls.
These data suggest that neither Kinesin-5 nor centralspindlin
is required for midzone length increase during cytokinesis.
However, the buckled midzones in MKLP1/KIF4 double-
depleted cells suggested that the force driving midzone
elongation is generated internally and that antiparallel sliding
is the obvious candidate. Thus, we did not exclude the possi-
bility that other kinesins might be involved, such as Kif15,
which can keep centrosomes apart during metaphase when
Kinesin-5 is inhibited [31].
Midzone Length Is Coupled with Cell Length
during Cytokinesis
Although cells depleted of MKLP1 alone were shorter in both
cell andmidzone lengths, we noticed that the ratio ofmidzones
over cell length was similar to controls (Figure 5D). By directly
blocking cell elongation without compromising midzone func-
tions, RhoA inhibitor C3 toxin or theMyosin II inhibitor blebbis-
tatin also caused comparable ratio. These suggest that cells
are able to coordinate midzone lengths with their own cell
lengths unless the KIF4-mediated midzone termination is
compromised. It also excluded the possible involvement of
the RhoA pathway from the cortex in midzone length regula-
tion. HeLa cells seem to scale midzone lengths to cell lengths
over the rather small length range we were able to probe (Fig-
ure 5D). Similar scaling, but over a larger length range, was
observed in Caenorhabdtis elegans early embryos [32]. This
suggests that midzone length scaling might be a universal
mechanism in both embryo and somatic cells.
Discussion
KIF4 Blocks Plus-End Dynamics of Midzone Microtubules
Our experiments reveal that KIF4 is required to block mid-
zones from growing continually during cytokinesis by inhibit-
ing plus-end polymerization. This finding provides an in vivo
complement to elegant pure protein experiments in which
KIF4 was shown to inhibit plus-ends dynamics [15] and to limit
plus-end growth in reconstituted antiparallel bundles, together
with PRC1 [16]. Lack of dynamics may suggest that microtu-
bule plus ends are effectively capped. Microtubule capping
was first proposed a decade ago [33]. It is not clear from the
pure protein data that KIF4 acts as a classic capper, like
CapZ for actin. Whatever the precise mechanism, our study
provides evidence that KIF4 negatively regulates midzone
plus-end dynamics in vivo in mammalian cells.
Our finding that KIF4 lacking its cargo binding domain can
largely rescue all these functions suggests that its main rolexpressing GFP-b-tubulin were imaged using spinning disk confocal micros-
ted chromosomes, and nocodazole was added at time zero. KIF4-depleted
pushed chromosomes along with elongated cortex (red lines). Nocodazole
. The distance between chromosomes and the polar cortex increased while
zone lengths of four KIF4-depleted cells treatedwith 10 mMnocodazole after
idzone length plot in (C) by their lengths before nocodazole exposure.
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820in cytokinesis is to inhibit plus-end growth, not to transport
cargoes. KIF4 seems to gain its growth-limiting activity a few
minutes into anaphase, perhaps when its inhibition by Plk1 isrelieved by an unknown mechanism. When we treated KIF4-
depleted midzones with nocodazole, they rapidly stopped
elongating but did not depolymerize, either, suggesting that
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Figure 4. KIF4-Mediated Midzone Termination Focuses Furrow Proteins and Disassembles Actin Filaments on the Cortex
(A) KIF4 was required to focus the furrow on the cortex during cytokinesis. Cells at different stages were fixed and stained with anillin as a furrow marker.
Furrow regions were focusing with time in controls, but not in KIF4-depleted cells. Scale bars represent 5 mm.
(B) Lengths of cell and furrow region in (A) weremeasured and plotted. Definitions of cell length and furrow region are shown. Data are fittedwith exponential
trend lines. Furrow regions were focusing while cell length was increasing in controls (purple dots and line), but not in KIF4-depleted cells (orange dots and
line). Cell numbers in control = 25 and in siKIF4 = 50.
(C) Thin-section EM of furrow regions in cytokinesis. KIF4 depletion caused an elongated intracellular bridge between two daughter cells. Microtubules
(green arrows) were less bundled and in lower density in KIF4-depleted cells. Electron-dense materials, which coated central overlaps of midzones in
controls (brown arrows), was missing in KIF4-depleted cells. The whole-cell views are shown as insets. Boxed regions are magnified on the right.
(D) Thin-section EM of the furrow cortex. Long, straight actin filaments (red arrows) were observed underneath the cortex in the unfocused furrow region of
KIF4-depleted cells. Electron-dense materials (white arrows) were observed coating on actin filaments, but not on microtubules (green arrow).
See also Figure S4.
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821plus-end assembly and disassembly might be regulated sepa-
rately. KIF4 seems to act as a break on growth, and another
mechanism plays the role in shrinkage, at least in nocodazole.
However, because XKLP1, the KIF4 homolog in Xenopus
laevis, is able to inhibit both growing and shrinking onmicrotu-
bule plus ends in an in vitro pure protein reconstitution assay
[15, 16], we do not exclude the possibility that the catastrophe
of midzone microtubules is redundantly inhibited by KIF4
capper and another mechanism, such as PRC1-mediated
bundling.
Midzone Length Regulation during Cytokinesis
Midzone dynamics are perhaps best understood in yeast.
However, neither budding nor fission yeasts have KIF4 ho-
molog in their genomes. In these cells, midzone plus endselongate continually, with antiparallel microtubules sliding
past each other [14, 17], driven by activity of Kinesin-5 [28].
Cls1p/Peg1p (CLASP) stabilizes fission yeast midzones by
preventing microtubule disassembly in the overlapping
regions but still allowing plus-end growth [14]. From our
data, this type of regulation does not apply in HeLa cells.
CLASP depletions in HeLa cells have no defect on midzones
inmonopolar cytokinesis (Figure 1B), and potential antiparallel
sliding kinesins (Kinesin-5 and MKLP1) are not required for
midzone elongation (Figure 5). Animal cellsmight regulate their
midzone lengths differently, with evolutionally newly acquired
components, such as KIF4.
Current models for midzone length regulation in animal cells
tend to assume that midzones exhibit dynamic instability of
plus ends, as mitotic spindles do in metaphase. Length
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Figure 5. KIF4-Mediated Termination of Midzone Elongation Regulates Midzone Length in Cytokinesis
(A) KIF4 depletion overrode BI-2536-caused block of midzone elongation. Midzone length was shorter than controls under BI-2536 treatment, but became
longer than controls if KIF4 was further depleted. Midzone length was measured by the distance between chromosomes.
(B) Kinesin-5 inhibitor STLC did not block midzone elongation. KIF4-depleted midzones were longer than controls and in similar lengths with or without
STLC treatment.
(C and D) Centralspindlin was not involved in midzone elongation. Compared to controls, MKLP1 depletion caused shorter cell length and midzones but
maintained a similar midzone over cell length ratio, unless KIF4 was absent. RhoA inhibitor C3 and Myosin II inhibitor blebbistatin (Blebb), which block
the cortex elongation, also caused comparable ratios. Error bars were standard deviations. Cell numbers in control = 41, in siKIF4 = 41, in siMLP1 = 41,
in siKIF4/siMKLP1 = 26, in C3 = 41, and in Blebb = 68.
Current Biology Vol 21 No 10
822regulation of metaphase spindles is posited to depend on
microtubules growing and shrinking by dynamic instability,
and length of the bipolar assembly is determined by the
balance of these activities combined with antiparallel sliding
(Figure 6, left). Similar models have been proposed for mid-
zones [5–8]. Our data suggest a very different model (Figure 6,
right). We propose that shortly after they grow, midzone plus
ends are coherently terminated by KIF4 and appear to not
undergo polymerization or dynamic instability thereafter.
KIF4 at plus ends blocks polymerization, but the mechanism
is currently unknown; it may act by distorting the lattice [15].
KIF4-mediated midzone termination appears to be regulated
in a timely manner coincident with furrow ingression (Fig-
ure 2B). Termination does not, however, depend on furrow
ingression, because it continues when ingression is blocked
with a RhoA or myosin II poison (Figure 5D). How the timing
of termination is governed is not clear. It might involve Plk1,
because its inhibition rapidly blocks midzone elongation [27].Closing Remarks
To summarize this work, we first used monopolar cytokinesis
to demonstrate that midzone microtubules appear to not be
following dynamic instability. We further identified KIF4 as
uniquely required to negatively regulate midzone plus-end
dynamics. We then returned to normal bipolar cytokinesis,
showing that this KIF4-mediated negative regulation of plus
ends is essential to terminate anaphase midzone elongation
at the onset of furrow ingression, though it is not required to
render midzones stable to a nocodazole challenge. This
KIF4-mediated midzone termination was also required to
focus both midzone proteins and the furrow. These functions
could be largely supplied by KIF4 lacking its cargo binding
domain, suggesting that KIF4 acts mainly as a plus-end
dynamics regulator, not a transport motor, during cytokinesis.
These data prompted a model for midzone length regulation
that is conceptually different from those proposed for yeast
midzones in anaphase and for metaphase spindles. In light
KIF4 Plk1        
Mitotic Spindles Midzones
Polymerzing plus-ends Overlap motors
KIF4 dependent 
plus-end cap
MT StabilizerNon- dynamic plus-ends
Depolymerizing plus-ends
Figure 6. Model of KIF4-Mediated Midzone Plus-End Termination Regu-
lates Midzone Length in Cytokinesis
Unlike mitotic spindles regulating their length through the balance between
dynamic plus ends growing and shrinking and motor-mediated microtubule
sliding, midzones regulate their length through a KIF4-mediated termination
of anaphase midzone elongation. Negatively regulated by PLk1, KIF4
terminates midzone elongation by inhibiting microtubule plus-end polymer-
ization. Amicrotubule (MT) stabilizer, which inhibits plus-end depolymeriza-
tion, provides midzone stability.
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823of our data, current models of midzone length control should
be revisited and significantly revised. In particular, models
designed to account for mitotic spindle length, where plus
ends are dynamic, will fail formidzones, where KIF4 terminates
plus-end dynamics. It is unusual to find a population of micro-
tubules in an animal cell that are not undergoing dynamic
instability. Perhaps KIF4 itself, or other proteins that block
plus-end dynamics at defined times and places, have broader
roles in morphogenesis of the cytoskeleton.Experimental Procedures
Cell Culture and Reagents
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum at 37C, 5% CO2. HeLa cells stably expressing GFP-
b-tubulin and GFP-EB3 were given from Paul Chang (Massachusetts Insti-
tute of Technology [MIT]) and James Orth (Harvard Medical School [HMS])
as gifts. To inducemonopolar cytokinesis, we arrested HeLa cells as mono-
poles by an overnight incubation with 2 mMKinesin-5 inhibitor STLC (Merck)
and then treated them with 2 mM Cdk1 inhibitor RO-3306 (Axon MedChem)
to force cytokinesis onset. To block RhoA activation, we treated cells with
500 mg/ml cell-permeable C3 (Cytoskeleton) for 6 hr without serum before
we switched them to fresh completemedium. To blockMyosin II, we treated
cells with 10 mM blebbistatin(2) (Tocris). To inhibit Plk1 kinase activity, we
incubated cells with 100 nM BI-2536 (Nathanael Gray, HMS) for 15 min.
Dharmacon SMARTpool siRNA was used for silencing specific genes.
Four specific siRNAs for each gene from SMARTpool were mixed in lower
concentration to avoid a potential off-target effect. For KIF4 depletion,
four siRNAs (J-004961-9, J-004961-10, J-004961-11, and J-004961-12)
were tested individually and caused identical phenotypes. J-004961-9 and
J-004961-11 were used for mouse KIF4-expressing experiments because
of the sequence mismatch between human and mouse KIF4. GFP-fused
mouse KIF4 constructs (FL, tailless, and headless) are a generous gift
from Nobutaka Hirokawa (University of Tokyo). GFP is fused to C-terminal
mouse KIF4.Immunofluorescence
HeLa cells on coverslips were fixed on ice by either 10% trichloroacetic acid
for 15 min or pure methanol for 3 min and then blocked and incubated with
primary and secondary antibodies in AbDil buffer for 45 min each. Anti-
bodies used in this study are as follows: anillin, Plk1, and Aurora B (Nurhan
Ozlu and Christine Field, Harvard Medical School); PRC1 (sc9342, sc8356),
MKLP1 (sc867), and RhoA (sc179) from Santa Cruz; CENPE (ab5093) and
KIF4 (ab3815) from Abcam; (fluorescein isothiocyanate-conjugated) mono-
clonal anti-a-tubulin (DM1A) and Hoechst from Sigma-Aldrich; and TOPO3and Alexa Fluor 488-, 594-, or 647-labeled donkey anti-mouse, rabbit, or
goat antibodies from Molecular Probes.
Microscopy and Imaging
Fluorescent images were done by Nikon TE-2000 spinning-disk confocal
microscope with a 1.3 NA 1003 oil-immersion objective. Images were
captured on the Hamamatsu Photonic OrCA-ER CCD camera for fixed
samples or on the Andor-EM CCD camera for live imaging. Z series optical
sections were obtained at 0.3 mm steps. Microscope control, image pro-
cessing, analysis, andmeasurement were all done throughMetamorph soft-
ware (Universal Imaging).
Electron Microscopy
HeLa cells were cultured on Aclar coverslips. Drug was aspirated and the
cells were fixed in prewarmed 3% glutaraldehyde in BRB80 buffer for
20 min. Samples were postfixed after two rinses in BRB80 and two rinses
in 0.05M cacodylate buffer, pH 7.0 in 1% osmium with 0.8% K3Fe(CN)6 in
cacodylate buffer for 15 min on ice. After three rinses in cacodylate and
two rinses in water, samples were stained with 1% uranyl acetate overnight.
Samples were rinsed in water and dehydrated with an ethanol series from
35% to 100% ethanol while progressively lowering the temperature from
4C to 240C. Samples were embedded in Epon-Araldite, and select cells
were serial thin sectioned, stained with uranyl acetate and lead citrate,
examined, and imaged on an FEI Technai G2 Spirit BioTWIN transmission
electron microscope.
Supplemental Information
Supplemental Information includes four figures and eightmovies and can be
found with this article online at doi:10.1016/j.cub.2011.04.019.
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